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Fano-shaped impurity spectral density, electric-field-induced in-gap state and local
magnetic moment of an adatom on trilayer graphene
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School of Physics and Wuhan National High Magnetic field center,
Huazhong University of Science and Technology, Wuhan 430074, China
Recently, the existence of local magnetic moment in a hydrogen adatom on graphene has been
confirmed experimentally [Gonza´lez-Herrero et al., Science, 2016, 352, 437]. Inspired by this break-
through, we theoretically investigate the top-site adatom on trilayer graphene (TLG) by solving
the Anderson impurity model via self-consistent mean field method. The influence of the stacking
order, the adsorption site and external electric field are carefully considered. We find that, due
to its unique electronic structure, the situation of the TLG is drastically different from that of
the monolayer graphene. Firstly, the adatom on rhombohedral stacked TLG (r-TLG) can have a
Fano-shaped impurity spectral density, instead of the normal Lorentzian-like one, when the impurity
level is around the Fermi level. Secondly, the impurity level of the adatom on r-TLG can be tuned
into an in-gap state by an external electric field, which strongly depends on the direction of the
applied electric field and can significantly affect the local magnetic moment formation. Finally, we
systematically calculate the impurity magnetic phase diagrams, considering various stacking orders,
adsorption sites, doping and electric field. We show that, because of the in-gap state, the impu-
rity magnetic phase of r-TLG will obviously depend on the direction of the applied electric field as
well. All our theoretical results can be readily tested in experiment, and may give a comprehensive
understanding about the local magnetic moment of adatom on TLG.
I. INTRODUCTION
The adatoms on graphene is an intriguing issue,
which has drawn lots of research interest in the last
decade1–23. The adatom introduces many important
physics to the graphene system, e.g. the modifica-
tion of transport property3–6, the enhancement of spin-
orbit interaction7–13, the formation of local magnetic
moment14–18, and the Kondo physics19–23. One most re-
cent breakthrough is about the hydrogen atom absorbed
on graphene, where the local magnetic moment of the hy-
drogen adatom is confirmed and manipulated in a scan-
ning tunnelling microscopy (STM) experiment18, nearly
ten years after its theoretical proposal. The importance is
that a non-magnetic adatom can induce a local magnetic
moment on graphene in a controllable way, which can
integrate the ferromagnetism into the graphene physics
and has great potential in future device applications.
Theoretically, the adatom on graphene can be well
described by the Anderson impurity model, where the
adatom is viewed as impurity levels coupled to the con-
ducting electrons in the metal (i.e. graphene here)24.
Due to this hybridization, the discrete impurity spectral
is broadened to a Lorentzian-like shape. And, consid-
ering the on-site Coulomb interaction of the impurity
orbital, the energy levels of the spin up and down are
separated , which can give rise to the formation of local
magnetic moment. Because of the novel electronic struc-
ture of graphene, the Anderson impurity on graphene has
some unique features distinct from the normal metal. For
example, since the density of states (DOS) near Fermi
level goes to zero, the effective hybridization between
the impurity level and the graphene is very small, which
prefers to form a local magnetic moment.
In comparison with the monolayer graphene, trilayer
graphene (TLG) has a drastically different electronic
structure25–28. Importantly, with different stacking or-
ders, the corresponding energy dispersion of TLGs are
different. For example, the rhombohedral (ABC) stacked
TLG (r-TLG) has a k3 dispersion near the Fermi level,
and thus it has a divergent DOS at the Fermi level.
Meanwhile, near the Fermi level, the bands of the Bernal
(ABA) stacked TLG (b-TLG) are linear or quadratic,
and the DOS is finite. Their responses to the electric
field are also different. A band gap will be opened by an
external electric field in r-TLG, while there is an electric
field induced band overlap in the b-TLG29–37.
Stimulated by the recent experimental progress and
considering the novel electronic properties of TLG, in
this work, we systematically examine the behaviors of the
adatoms on TLG systems by studying the Anderson im-
purity model via self-consistent mean field method. We
carefully investigate the influences of stacking order, ad-
sorption site, and external electric field, to which little
attention has been paid in the literatures so far38. We
find that the adatom on TLG has some unusual charac-
teristics, which is distinct from the monolayer graphene
as well as the normal metal.
Firstly, we find that the adatom on r-TLG can have
a Fano-shaped impurity spectral density, in contrast to
the common Lorentzian-like line shape. It actually re-
sults from the interference between the divergent TLG
DOS peak at Fermi level and the broadened impurity
level. According to our analysis, we argue that it may
be general for any impurity level near the metal DOS
singularity.
Secondly, we demonstrate that a perpendicular electric
field can make the impurity level in r-TLG into an in-gap
state, which strongly depends on the direction of the ap-
plied electric field. The key issue is that, in addition to
2opening an energy gap, the electric field can also shift the
energy level of the adatom if it is only coupled to the top
layer. Namely, with an electric field in one direction, an
energy gap can be opened in the r-TLG and the impu-
rity level is shifted into the gap to form an in-gap state.
But, when reversing the direction of the electric field,
the impurity level is shifted away and the in-gap state
can not be achieved, though the gap can still be opened.
This phenomenon appears as long as the adatom is only
coupled to the top layer. The in-gap state favors the for-
mation of local magnetic moment, and greatly modifies
the impurity magnetic phase diagram of the r-TLG.
Thirdly, we numerically calculate the impurity mag-
netic phase diagrams for TLG, where various stacking or-
ders, adsorption sites, doping and electric field are consid-
ered. We focus on the mechanisms for tuning the adatom
magnetic moment via an electric field. The key quantity
here is the hybridization between the impurity level and
the conducting electrons, which is controllable by an ap-
plied electric field. There are several typical cases. For
the undoped b-TLG, the electric field induced band over-
lap will enhance the hybridization, so that the magnetic
phase is suppressed by the electric field. Meanwhile, for
the undoped r-TLG, the DOS singularity at the Fermi
level results in a giant hybridization, and thus the adatom
prefers to be non-magnetic. But, if an electric field is ap-
plied to open an energy gap, the hybridization is reduced
and thus the adatom on the r-TLG can be tuned to be
magnetic. Importantly, due to the appearance of the in-
gap state, the effect of the electric field on the impurity
magnetic moment in r-TLG strongly depends on the di-
rection of electric field (i.e. the polarity of the applied
bias). We also find that the impurity magnetic moment
is very sensitive to the adsorption site. The influence of
doping on the impurity magnetic phase diagram on TLG
has been discussed as well.
Considering the rapid experimental progress, we would
like to point out that our results here can be readily
tested in the STM experiment, and may have potential
applications in future magnetic device on graphene sys-
tems. It should also be noted that, here we just focus on
the top-site adatom, e.g. the case of hydrogen atom, and
the cases for hollow and bridge sites are left to a separate
work in future.
The rest of the paper is organized as follows: In Sec.
II, we give our theoretical model and present the formula
in the calculation. In Sec. III, we first discuss the Fano-
shaped impurity spectral function on r-TLG. Then,we
talk about the electric field induced in-gap state. Finally,
we show the results about the impurity magnetic phase
diagrams of the TLG, and related discussions are also
given. A short summary is given in Sec. IV.
II. THEORETICAL MODEL AND METHOD
Let us first introduce the theoretical model used in this
work. We use the Anderson impurity model to describe
the adatom on the TLG. The complete Hamiltonian is
written as
H = HTLG +Himp +Hhyb. (1)
Here, HTLG is tight binding Hamiltonian of the TLG,
Himp is the Hamiltonian of adatom and Hhyb describes
the hybridization between the impurity levels and the
conducting electrons in TLG.
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FIG. 1. (Color online) Schematic diagrams of TLG. (a) and
(b): top and side views of b-TLG; (c) and (d): top and side
views of r-TLG.
For simplicity, only the nearest neighbourhood (NN)
hoppings are considered, and the structures of r-TLG
and b-TLG are shown in Fig. 1. Generally,
HTLG = Hintra +Hinter +Hbias. (2)
Hintra describes the intralayer hopping, and is equivalent
to the Hamiltonian of monolayer graphene
Hintra = −t
∑
lkσ
[a†lkσφ(k)blkσ + h.c.]. (3)
Here, alkσ (blkσ) is the annihilation operator of the elec-
tron on A (B) sublattice, l, k and σ are the layer, mo-
mentum, and spin index, respectively, t is the intralayer
NN hopping, φ(k) =
∑3
j=1 e
ik·δj , and δj are the three
vectors pointing from one carbon atom on A sublattice
to the three adjacent atoms on B sublattice in the same
layer. As shown in Fig. 1, the interlayer hoppings for the
r-TLG and b-TLG are:
Hrinter = t⊥
∑
kσ
(b†1kσa2kσ + b
†
2kσa3kσ + h.c.), (4)
Hbinter = t⊥
∑
kσ
(b†1kσa2kσ + a
†
2kσb3kσ + h.c.). (5)
3t⊥ is the interlayer hopping parameter. When a perpen-
dicular electric field is applied, it gives
Hbias =
∑
lkσ
1
2
(l − 2)Vg(a†lkσalkσ + b†lkσblkσ). (6)
Vg is the applied bias voltage, i.e. the potential difference
between the top and bottom layers. Diagonalizing the
Hamiltonian of the TLG in Eq. (2) , we can get the
corresponding energy bands
HTLG =
∑
nkσ
(εnkσ − µ)c†nkσcnkσ (7)
where n is the band index and c†nkσ is the electron cre-
ation operator of the eigenstate. The chemical potential
µ is also included in order to consider the charge doping.
In Fig. 2, we show the energy bands for both r-TLG and
b-TLG with different bias voltages as an example, which
is helpful to understand the following numerical results.
The electric field induced band overlap of the b-TLG, as
well as the opened gap of r-TLG, are shown clearly in Fig.
2. In this paper, we set t = 3.16 eV, and t⊥ = 0.39 eV.
Note that, in experiment, one way to produce a perpen-
dicular electric field is to build a dual-gated device39–41,
where the potential difference Vg and the charge density
(or chemical potential µ) can be independently tuned.
Another possible way is to use molecular doping42–44,
which not only can induce a potential difference between
layers, but also change the charge density. Here, we as-
sume that the electric field is produced by the dual-gated
device, where the impurity level is shifted in the presence
of the electric field.
-3.0E-3
-2.0E-3
-1.0E-3
0.0
1.0E-3
2.0E-3
3.0E-3
-0.10
-0.05
0.00
0.05
0.10
 
 
 
En
er
gy
 [e
V]
       K
(a)
        K
 
 
En
er
gy
 [e
V]
(b)
FIG. 2. (Color online) Energy bands for (a) b-TLG and (b)
r-TLG with different bias voltage Vg. Solid black lines, Vg =
0 eV; dashed blue lines, Vg = 0.05 eV; dotted red lines, Vg =
0.1 eV.
The adatom is described as a single level impurity with
the on-site Coulomb interaction. Note that in this work,
we assume that the adatom is on the top layer (l = 1).
Thus, in reality, the energy level of the impurity ε0 can
also be shifted by the external electric field45. The im-
purity Hamiltonian is
Himp =
∑
σ
εdd
†
σdσ + Ud
†
↑d↑d
†
↓d↓. (8)
where εd = (ε0 − Vg2 ) is the shifted energy of the impu-
rity level by the electric field. U is the on-site Coulomb
interaction.
As mentioned above, we only consider the top-site
adatom, i.e. the case of hydrogen atom. So, as shown
in Fig. 1, the adatom is on the top of the A1 or B1 car-
bon atom of the top layer. Note that in TLG, the A and
B sublattice in one monolayer are no longer equivalent.
The hybridization of the top site impurity are
HA1hyb =
V√
N
∑
kσ
(d†σa1kσ + h.c.), (9)
HB1hyb =
V√
N
∑
kσ
(d†σb1kσ + h.c.). (10)
Here, N is the number of sites on sublattice A or B in
one monolayer.
With the mean field approximation, the occupation of
the impurity level is given by
nσ =
∫ µ
−∞
dωρd,σ(ω)
= − 1
pi
∫ µ
−∞
dωIm[Grdd,σ(ω)],
(11)
where ρd,σ(ω) is the impurity spectral density, and
Grdd,σ(ω) is the retarded Green’s function of the impu-
rity electron. Grdd,σ(ω) can be expressed by the impurity
self-energy
Grdd,σ(ω) =
1
ω + iη − εd − Unσ¯ − Σrdd(ω)
. (12)
When the adatom is on the top site, e.g. on A1 site, the
impurity self-energy is
Σrdd(ω) = (V
2/N)
∑
k
gra1a1,σ(k, ω)
= V 2gra1a1,σ(ω)
(13)
where gra1a1,σ(k, t) = −iθ(t)〈{a1kσ(t), a†1kσ(0)}〉 is the
noninteracting Green’s function of the electrons in TLG,
and we define
gra1a1,σ(ω) ≡ (1/N)
∑
k
gra1a1,σ(k, ω). (14)
We see that gra1a1,σ(ω) is actually the real space noninter-
acting Green’s function of TLG electron on the A1 site.
Thus, the local density of states (LDOS) of pristine TLG
on the A1 site is
ρ0a1(ω) = −
1
pi
Im[gra1a1,σ(ω)]. (15)
Comparing with Eq. (13), we see that ρ0a1(ω) is equal to
the imaginary part of the self-energy Σrdd(ω), apart from
4a constant. Meanwhile, for the Anderson impurity, the
hybridization function
Γ(ω) = piV 2ρ0a1(ω) (16)
is normally used to describe the the coupling between
the impurity level and the conducting electrons in metal
(here, we assume the adsorption site is A1 for example).
Thus, the LDOS of the metal at the adsorption site actu-
ally reflects the hybridization function. We would like to
emphasize that, in normal metal, the electron distribu-
tion is uniform, so that the LDOS is uniform as well and
is in some sense equivalent to the DOS. But, here, the
A and B sublattices are inequivalent. Thus, the LDOS
is now site dependent and is different from the DOS of
the whole system. It means that only the LDOS of the
adsorption site, instead of the DOS of the whole system,
is meaningful for the Anderson impurity.
Numerically, Eqs.(11-12) can be self-consistently
solved, and then we can get impurity magnetic phase
diagram, as well as the impurity spectral function, for all
the cases.
III. RESULTS AND DISCUSSIONS
Here, we present our numerical results and related dis-
cussions. First, we would like to discuss the interesting
impurity spectral density of the r-TLG, which may be of
a Fano line shape instead of the normal Lorentzian-like
one. Second, we talk about the electric field induced in-
gap state in r-TLG, which can greatly influence the mag-
netic moment of adatom. Finally, we give the impurity
magnetic phase diagrams of the TLG, where the effects
of the stacking order, adsorption site, doping and electric
field are discussed in detail. We interpret the mechanisms
for controlling the impurity magnetic moment by electric
field.
A. Fano-shaped impurity spectral density in r-TLG
To see the spectral density of the adatom, we first con-
sider the noninteracting case, i.e. U = 0, where the im-
purity levels for spin up and down are degenerate. By
solving Eq. (11), we plot the impurity spectral ρd(ω) in
Fig. 3 for the cases that the adatom is on the A1 site.
Obviously, the impurity spectral density of the b-TLG
and r-TLG have different behaviors. For the b-TLG,
the impurity spectral density coincides with the common
understanding. The impurity level is broadened by the
metal conducting electrons, which has a Lorentzian-like
line shape. The width of the DOS peak depends on the
imaginary part of the impurity self-energy, i.e. the LDOS
given in Eq. (15), and the corresponding LDOS is plotted
in Fig. 3 (e). Meanwhile, the impurity spectral density
of b-TLG does not depend much on the position of the
impurity level ε0, as shown in Fig. 3 (a) and (c).
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FIG. 3. (Color online) (a), (b), (c), (d): The impurity spectral
density ρd(ω) in the noninteracting case (U = 0). For r-TLG
[(b) and (d)], the red dotted lines are the fitting curves for
the Fano line shape with Eq.(24). The fitting parameters
[c1, ε1,Γ1, z2, ε2,Γ2, q] are [0.51,−0.032 eV, 0.073 eV, 0.39 eV,
0.012 eV, 0.038 eV, 0.35] in (b) and [0.49, −0.10 eV, 0.073 eV,
0.75 eV, 0.0043 eV, 0.020 eV, 0.76] in (d). (e) and (f): The
corresponding LDOS of TLG at A1 site. Other parameters
are V = 4 eV, Vg = 0 eV, µ = 0 eV.
The behaviours of the r-TLG are completely different.
In Fig.3 (b), when the impurity level is around the Fermi
level (ε0 = −0.1 eV), the impurity spectral density is
not a peak as normal, but has a dip at the Fermi level.
When ε0 is shifted away (ε0 = −0.3 eV), it recovers to
a Lorentzian-like shape, but has a small peak near the
Fermi level, as shown in Fig. 3 (d).
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FIG. 4. (Color online) The impurity spectral density ρd,σ(ω)
with finite on-site U (U = 0.9 eV). µ = 0 eV, ε0 = −0.4 eV.
We now demonstrate that the unusual impurity spec-
tral density of r-TLG can be interpreted as a Fano reso-
nance, which reflects the interference between the broad-
ened impurity level and the DOS peak of r-TLG at the
Fermi level. As we know, the shape of the ρd(ω) actually
depends on the imaginary part of the self-energy, which
5is nearly a constant in normal metal. But, in r-TLG, this
assumption is invalid. We plot the corresponding LDOS,
i.e. the imaginary part of the self-energy, in Fig. 3 (f),
which has a sharp peak at the Fermi level in contrast to
the b-TLG case [see Fig. 3 (e)]. This is not surprising
because that the DOS of r-TLG is divergent at the Fermi
level. To understand the shape of ρd(ω), intuitively, we
can separate Σrdd(ω) into two parts by sorting the electron
states in the summation in the definition of Eq. (13),
Σrdd(ω) = Σ
r(1)
dd (ω) + Σ
r(2)
dd (ω). (17)
Σ
r(1)
dd (ω) corresponds to the constant background of the
LDOS, and Σ
r(2)
dd (ω) is related to the peak. Specifically,
from the band structure of r-TLG (see in Fig. 2), we
see that only the states near the E = 0 contribute to
the DOS peak, and thus by summing all these states, we
approximately have
Σ
r(2)
dd (ω) ≈ V 2grpeak(ω) (18)
where
grpeak(ω) =
c2
ω − ε2 + iΓ2 . (19)
Here, c2 is the appropriate strength of the pole, ε2 is the
position of DOS peak (ε2 = 0 in this case). We just use a
Lorentzian to model the DOS peak here, and in principle
the peak width Γ2 should be very narrow (several tens of
meV46) in comparison with the hybridization broadened
impurity level (normally several eV). Meanwhile, the sum
of all the other states gives Σ
r(1)
dd (ω). Note that
Γ1 ≡ −Im[Σr(1)dd (ω)] ≈ const. (20)
which results from the nearly constant LDOS except for
the DOS peak, as shown in Fig. 3 (f). Now, the impurity
Green’s function can be approximately expressed as
Grdd(ω) ≈ G0rdd(ω) +G0rdd(ω)V grpeak(ω)V G0rdd(ω), (21)
where we define
G0rdd(ω) ≡
c1
ω − εd − Σr(1)dd (ω) + iη
. (22)
Clearly, the G0rdd(ω) gives the broadened impurity level,
ρ0d(ω) = −
1
pi
Im[G0rdd(ω)], (23)
which should be a Lorentzian due to the relation (20),
and the width of the corresponding DOS peak is given
by Γ1. And the position of the DOS peak here is ε1 =
εd+Re[Σ
r(1)
dd (ω)]. Here, c1 is also the strength of the pole.
Finally, by Eq. (21), we get an approximate expression
of the impurity spectral density
ρd(ω) = ρ
0
d(ω) + z2[ρ
0
d(ω)]
2 q
2 − 1 + 2qε′
1 + ε′2
, (24)
where z2 =
pic2V
2
Γ2
, ε′ = ω−ε2Γ2 and
q = −Re[G
0r
dd(ω)]
Im[G0rdd(ω)]
(25)
The factor (q2 − 1 + 2qε′)/(1 + ε′2) indicates that the
impurity spectral density has a Fano profile, which is de-
termined by the parameter q. We want to point out that
the situation here is very similar as the Kondo physics of
a magnetic adatom on metal surface47. The Kondo res-
onance of a magnetic impurity will give rise to a narrow
DOS peak at the Fermi level, which can interference with
the broadened impurity level, and thus induce a Fano line
shape of the impurity spectral density. The band struc-
ture of r-TLG has a DOS peak at the Fermi level, which
actually takes the place of the Kondo peak in the Fano
resonance. The distinction is that the DOS peak here is
an intrinsic property of the band structure, so that the
Fano-shaped impurity spectral density we predicted here
does not need very low temperature, which is required in
the Kondo case.
Then, we test the above picture about the Fano res-
onance by fitting the numerical results of the impurity
spectral density of the r-TLG with the formula in Eq.
(24). The results of fitting are given in Fig. 3 (b) and
(d) (see the dotted lines). We see that the formula of
the Fano resonance can well describe the impurity spec-
tral density. It means that, in Fig. 3 (b), the dip at
the Fermi level should come from a Fano resonance be-
tween the DOS peak of r-TLG and the broadened impu-
rity level.
When the on-site Coulomb interaction is included, a
local magnetic moment can occur with proper values of
the hybridization and Coulomb interaction U . This is
well described by the Anderson impurity model. If the
adatom becomes magnetic, the impurity levels for the up
spin and down spin are no longer degenerate. In this
case, we have two Fano-shaped impurity spectral density
for both spin up and down, as shown in Fig. 4 (b) and
(d). However, if the impurity is non-magnetic, the spin
is degenerate, and only one impurity spectral density can
be observed, see Fig. 4 (f). The corresponding cases of
b-TLG are given in Fig. 4 (a), (c) and (e) as well.
The results above are all about the adatom on A1 site.
Actually, the Fano-shaped impurity spectral density can
only be observed in the r-TLG with A1 site adatom. This
is because that, when adatom is on B1 site, the corre-
sponding LDOS does not have a peak at the Fermi level,
even for the r-TLG.
At last, we would like to argue that the Fano-shaped
impurity spectral density may be a general phenomenon
when the impurity level is near a DOS singularity of the
metal. Actually, in our analysis above, the only assump-
tion is to use a Lorentzian to model the DOS peak in
metal, see in Eq. (19). Thus, it is essentially suitable for
any DOS singularity in metal. Namely, we predict that,
when the metal has a DOS singularity and the impurity
level is near the singularity, the impurity DOS should be
6of a Fano line shape instead of the normal Lorentzian
one. We hope this prediction can be tested in future
experiment.
B. Electric-field-induced in-gap state in r-TLG
The in-gap state has been intensively studied in bi-
layer graphene44,48–52, which should also be important
for the TLG. Here, we would like to point out that, for the
adatom on r-TLG, a perpendicular electric field has two
important effects: shifting the impurity level and opening
an energy gap. An intriguing consequence is the electric
field induced in-gap state, which strongly depends on the
direction of the electric field, or the polarity of the ap-
plied bias. Assuming that the impurity level is below the
Fermi level (ε0−µ < 0), a negative bias (Vg < 0) will not
only open an energy gap but also shift the impurity level
towards the gap, since εd = ε0 − Vg/2. Thus, an in-gap
state can be made in this case. However, if the direction
of the electric field is reversed (Vg > 0), a gap can still be
opened but the impurity level is now moved away from
the gap, so that the in-gap state can never be achieved.
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FIG. 5. (Color online) (a),(b),(c): The impurity spectral density ρd(ω) of the r-TLG-A1 in the noninteracting case with
different Vg. (d),(e),(f): The corresponding LDOS of TLG at A1 site. (g),(h),(i): The corresponding energy bands of the
r-TLG. ε0 = −0.3 eV, V = 1 eV.
The above picture of the electric field induced in-gap
state has nothing to do with the on-site U of the adatom.
Thus, we first give a concrete example in the case of
U = 0 in Fig. 5 (i.e. spin degenerate case). Here, we
consider an adatom with ε0 = −0.3 eV on A1 site, and
apply bias voltages Vg = −0.2 eV, −0.6 eV and −0.8
eV, respectively. When Vg = −0.2 eV, an energy gap is
opened as shown in Fig. 5 (g). In Fig. 5 (d), we plot
the corresponding LDOS at A1 site. There is a peak at
the edge of the conduction band but no obvious peak for
the valence band. It is known that, due to the opened
gap, the DOS has singularities at the edges of both the
conduction and valence bands in r-TLG. But the LDOS
at A1 site is asymmetric because the electrons on A1 site
are mainly from the conduction bands. In Fig. 5 (a),
we see that the Vg = −0.2 eV is not large enough to
move the impurity level into the gap, and we observe a
broadened impurity level out of the gap. With a larger
bias Vg = −0.6 eV, the impurity level can now be shifted
into the gap, and an in-gap state appears as shown in
Fig. 5 (b), where the corresponding LDOS and bands are
given in Fig. 5 (e) and (h), respectively. Increasing Vg
7further, the impurity level is moved up to the conduction
band, which is the case in Fig. 5 (c), (f) and (i) with
Vg = −0.8 eV. It should be noted that, in Fig. 5 (c), the
shifted impurity level is near the edge of conduction band.
We actually get a Fano-shaped impurity spectral density,
instead of the Lorentzian one. The reason is similar as the
case in last section, since LDOS has a sharp DOS peak at
the band edge. Reversing the direction of electric field,
Vg becomes positive and the impurity level will be pulled
down to lower energy. So, we can not get an in-gap state
with positive Vg. We indeed do not observe any in-gap
state in our numerical results. When the impurity level
is above the chemical potential (ε0−µ > 0), the situation
can be treated similarly. And if the adatom is on the B1,
an in-gap state can also be achieved by a proper electric
field.
The in-gap state prefers to be magnetic, if the on-site
Coulomb interaction is considered. This is because that
, for the in-gap state, the effective coupling between the
impurity level and the conducting electrons is very weak.
So, a tiny on-site interaction can break the spin degener-
acy, and the adatom becomes magnetic in the undoping
case. We give an example in Fig. 6, where a small on-site
U about 15 meV can induce a spin splitting for the in-
gap state, even if the hybridization constant V = 0.5 eV
is not small. In the next section, we will show that the
electric-field-induced in-gap state will strongly influence
the formation and control of the local magnetic moment
of the adatom.
-0.10 -0.05 0.00 0.05 0.10
0
100
200
300
-0.10 -0.05 0.00 0.05 0.10
0.00
0.02
0.04
0.06
0.08
0.10
 
 
D
O
S 
[e
V]
-1
Energy [eV]
 Spin up
 Spin down
(a) (b)
 
 
LD
O
S 
[e
V]
-1
Energy [eV]
FIG. 6. (Color online) (a) The impurity spectral density
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−3 eV. The corresponding dimensionless
parameters in the magnetic phase diagram are x = 5 and
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C. Local magnetic moment of the adatom on TLG
The local magnetic moment formation of an impu-
rity in metal is well described by the Anderson impu-
rity model. The distinct electronic structure of the TLG
will make the impurity magnetic phase diagram different
from the case of normal metal. We will show that both
the stacking order and the external electric field can ob-
viously modify the local magnetic moment formation on
the TLG.
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FIG. 7. (Color online) (a), (c), (e), (g): The magnetic phase
boundaries of an impurity on the undoped TLG (µ = 0 eV)
with the impurity level as a variable. (b),(d),(f),(h): The
corresponding LDOS of TLG on the adsorption site. V =
0.5 eV, D = 10 eV.
Let us first introduce some basic physical pictures
about the local magnetic moment formation. In the An-
derson impurity model, the formation of local magnetic
moment depends on the occupation of the impurity level
for each spin component nσ, which is calculated self-
consistently by Eq. (11). The local magnetic moment
becomes nonzero when nσ 6= nσ¯, otherwise the adatom
is non-magnetic. Note that here we do not consider the
Kondo effect, which is beyond the mean field picture and
should occur at very low temperature. There are sev-
eral key parameters, which govern the local magnetic mo-
ment formation. One is the on-site Coulomb interaction
U . The Coulomb interaction favors the formation of lo-
cal magnetic moment, because it tends to prohibit the
double occupation of the impurity level. The hybridiza-
tion between the impurity electron and the conducting
electrons in metal is also a key quantity, which tends
to wash out the local magnetic moment. We use the
8hybridization function Γ(ω), or equivalently the LDOS
at the adsorption site of the pristine TLG, to represent
the hybridization. In normal metal, the hybridization
function can be viewed as a constant ∆ = piV 2/D, i.e.
the hybridization energy, because that the DOS in metal
normally varies smoothly with the energy and can be ap-
proximately viewed as a constant. Here, D is the band
width and 1/D is a constant DOS. However, due to the
unique DOS of TLG, the LDOS should not be considered
as a constant any more, and will play a key role in the
formation of the local magnetic moment. Another im-
portant quantity is the energy position of the impurity
level relative to the Fermi level of the metal. When the
impurity level is close to the Fermi level, the system is
in the mixed valence region and small hybridization can
destroy the local magnetic moment.
In Fig. 7, we show the phase boundaries of the adatom
between the magnetic and non-magnetic phases for both
r-TLG and b-TLG in the undoped case. As is known,
the A1 and B1 sites of TLG are no longer equivalent,
so that two adsorption sites are considered here. Specif-
ically, there are four concrete situations in Fig. 7: b-
TLG with A1 site adsorption (b-TLG-A1), b-TLG with
B1 site adsorption (b-TLG-B1), r-TLG with A1 site ad-
sorption (r-TLG-A1), r-TLG with B1 site adsorption (r-
TLG-B1). And in order to illustrate the influence of the
external electric field, we also plot the results with dif-
ferent bias voltage Vg. In the phase diagram, x = ∆/U
and y = (µ − εd)/U are two dimensionless parameters,
which represent the hybridization and the energy position
of the impurity level relative to the chemical potential
µ, respectively. The two parameters x and y determine
the magnetic phase of the adatom. Here, we set µ = 0
(charge neutrality) and let εd be variable. It corresponds
to the case of the undoped TLG with different impurity
energy levels ε0, since Vg is given. It should be noted
that, to fix µ or εd gives different information in the case
of TLG, though y = (µ − εd)/U may be the same. We
discuss the case with fixed impurity energy level later.
In order to interpret the numerical results, we plot the
corresponding LDOS in Fig. 7 (b), (d), (f) and (h) as
well, which can give the effective hybridization together
with the constant hybridization energy ∆.
We now discuss the results without the external electric
field (Vg = 0, see the black solid lines in Fig. 7). First,
we see that the magnetic regions in the phase diagrams
are different. The magnetic phase of r-TLG-A1 is much
smaller than other cases [see Fig. 7(e)], while that of the
b-TLG-B1 [see Fig. 7 (c)] and r-TLG-B1 [see Fig. 7 (g)]
are the largest. This is attributed to the difference of the
hybridization, resulted from the influence of the LDOS.
Since µ = 0 here, the LDOS of the TLG around the
Fermi level will play the major role in the hybridization.
For example, in the r-TLG-A1 case [ Fig. 7 (f)], the
LDOS has a peak at the Fermi level, which corresponds
to a giant hybridization and thus greatly suppresses the
magnetic phase. In contrast, the LDOS of B1 site of r-
TLG does not have a peak at µ = 0 ([see Fig. 7 (h)], so
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FIG. 8. (Color online) Spin resolved electron’s occupation of
the impurity as a function of the energy level with different
Vg. U = 1 eV, µ = 0 eV, V = 3.2 eV.
that the magnetic region is larger. The discussion above
means that the adatom on the A1 site of r-TLG prefers
to be non-magnetic, compared with other cases. We also
notice that the phase diagram is symmetric around y=0.
There are two reasons. One is that the bands for both
b-TLG and r-TLG have particle-hole symmetry since we
only consider the NN hopping. The other is that it is the
undoped case with µ = 0.
Then, we discuss the influence of the external electric
field. For the case of b-TLG-B1 [see Fig. 7 (c)], the bias
voltage Vg will induce a LDOS peak near the Fermi level
[see Fig. 7 (d)], because of the electric field induced band
overlap as shown in Fig. 2 (b). It will considerably en-
hance the hybridization near the Fermi level, so that the
magnetic phase is suppressed [see Fig. 7 (c)]. Meanwhile,
due to the bias voltage, the LDOS is no longer symmet-
ric around the Fermi level, and thus the phase diagram
becomes asymmetric as well, as shown in Fig. 7 (a) and
(c). As a comparison, we see that the modification of the
LDOS (i.e. the hybridization) of the b-TLG-A1 is not
so obvious, so that the magnetic phase is not drastically
changed, as given in Fig. 7 (a).
The r-TLG has a completely different behaviour, be-
cause that the bias voltage will induce an energy gap
near the Fermi level [see Fig. 2 (a)]. For the case of r-
TLG-A1, we can see that the magnetic phase is enlarged
drastically by the applied bias voltage [see Fig. 7 (e)].
This is because that, near µ = 0, the LDOS is changed
from a peak (Vg=0) to nearly zero (finite Vg), where the
hybridization has been greatly suppressed. The nearly
zero LDOS implies that the impurity level is decoupled
from the TLG, which can be effectively considered as a
free impurity level. So, very small U can magnetize the
impurity and the magnetic phase is enlarged. The in-gap
state in Fig. 6 actually corresponds to one point in the
phase diagram of Fig. 7 (e), where x ≈ 5 and y ≈ 0.5.
When the adatom is on the B1 site, the undoped case
of r-TLG is special. As we mentioned above, we can still
change the impurity level into an in-gap state when the
adatom is on B1 site. But in Fig. 7 (g), we see that the
change of the magnetic phase induced by electric field is
9not as obvious as the A1 site case. The reason is that,
for the undoped r-TLG, the effective hybridization here,
i.e. LDOS at B1 site, is nearly zero occasionally [see Fig.
7 (h)], so that the variation of the hybridization is tiny
when the in-gap state appears. But as long as µ 6= 0, as
we will show later, the magnetic phase of the adatom on
the B1 site of r-TLG can be drastically changed by the
electric field.
Note that εd is the impurity level shifted by the bias
voltage. Since the adatom is always on the top layer, the
εd of the positive and negative bias voltage are different.
Thus, the magnetic phases for the positive and negative
Vg are not the same, as shown in Fig. 7.
The phenomena above are useful to manipulate the
adatom magnetic moment on TLG. For example, when a
bias voltage is applied, it should be easier to realize the
on/off transition of the magnetic moment in the case of r-
TLG-A1 than in the b-TLG-A1 case. We give a concrete
example in Fig. 8, where the occupation of the impurity
level is plotted for spin up and down, respectively. In
Fig. 8 (a), we see that, for the case of b-TLG-A1, only
when the impurity level ε0 is in a very small region, a
bias voltage can realize the on/off transition of the local
magnetic moment. Namely, when the ε0 is near −0.6 eV,
the local moment (i.e. n↑−n↓) is finite for Vg = 0 but zero
if a bias voltage (Vg = 0.1 eV) is applied. In contrast, for
the r-TLG-A1 case [see Fig. 8 (b)], the magnetic moment
can be switched by a bias voltage within a much wider
allowed energy region of the impurity level, i.e. between
−0.8 eV and −0.5 eV.
All the discussions above are about the undoped TLG
with µ = 0. In principle, the doping and bias voltage can
be controlled separately in the dual-gate configuration in
experiment. It should be noted that, in TLG, the effects
of doping and applied bias voltage are different, where
doping tunes the chemical potential but a bias voltage
changes the band structure. Thus, we then give the the
phase boundary of the adatom with fixed ε0 in Fig. 9,
which means that the impurity level is given and the
chemical potential (doping) is tunable.
First, we see that the magnetic phase is no longer sym-
metric around y = 0.5, which results from the fact that
the particle-hole symmetry is absent when µ is nonzero.
This is similar as the cases of monolayer and bilayer
graphene in former literatures. Some interesting results
appear when a bias voltage is applied. The influence of
the electric field on the magnetic phase is very significant
for the r-TLG, while it is tiny for b-TLG. And, the im-
purity magnetic moment in r-TLG depends strongly on
the sign of the applied bias Vg, i.e. the direction of the
applied electric field. We plot the magnetic phases for
Vg = ±1 eV. As demonstrated in Fig. 9 (e) and (g), a
negative bias voltage Vg = −1 eV can greatly enlarge the
magnetic phase, but a positive bias voltage can not. This
is because that, since ε0 = −0.5 eV here, as discussed in
last section, a negative bias voltage can make the impu-
rity level into an in-gap state, which prefers to be mag-
netic even with tiny on-site Coulomb interaction. Thus,
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FIG. 9. (Color online) (a),(c),(e),(g): The magnetic phase
boundaries for an impurity on TLG with ε0 = −0.5 eV.
(b),(d),(f),(h): The corresponding LDOS of TLG at the ad-
sorption site. V = 0.5 eV.
the modification of magnetic phase is so drastic. But for
a positive bias, the in-gap state can not be achieved, so
that the change of the magnetic phase is small. Similarly,
the phase diagram of b-TLG is slightly changed by the
bias voltage, as given in Fig. 9 (a) and (c), due to the
absence of the in-gap state. Different from the former
case, because that µ is a variable here, we do not find an
intuitive relation between the LDOS and the magnetic
phase, though the LDOS is also given for comparison.
IV. SUMMARY
In summary, we theoretically investigate the adatom
on the top-site of TLG by solving the the Anderson im-
purity model via self-consistent mean field method. The
influences of the stacking order, nonequivalent adsorption
sites, and external electric field are carefully considered.
Our main findings are: (1) Due to the divergent DOS
at the Fermi level, the adatom on the A1 site of r-TLG
can have a Fano-shaped impurity spectral density, which
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may be a general property for the impurity level near
the metal DOS singularity. The mechanism is similar as
the case of Kondo peak induced Fano resonance, which
has been intensively studied in the last two decades. (2)
For the top-site adatom on r-TLG, the impurity level
can be tuned into an in-gap state by an external elec-
tric field, which depends strongly on the polarity of the
applied bias. The in-gap state greatly modifies the lo-
cal moment formation of the adatom. (3) Except for
adjusting the chemical potential, we demonstrate that
controlling the hybridization between the impurity level
and the conducting electrons via a bias voltage is another
effective way to manipulate the magnetic moment of the
adatom on TLG. We systematically calculate the mag-
netic phase diagram of the adatom on undoped TLG in
the presence of an external electric field for various cases.
For undoped r-TLG-A1, the divergent DOS at the Fermi
level will greatly enhance the hybridization, so that the
adatom is unlikely to be magnetic. But if a bias voltage
is applied, a gap is opened, hybridization is decreased
and thus, the adatom can be tuned to be magnetic. Fur-
thermore, if the impurity level is tuned into an in-gap
state by a proper bias, tiny on-site Coulomb interaction
can make the adatom to be magnetic, which greatly en-
larges the magnetic phase in the phase diagram. The
situations of the b-TLG are in contradiction to that of
the r-TLG, because that electric field will induce a band
overlap and increase the hybridization. The typical ex-
ample is the case of b-TLG-B1, where the electric field
enhanced hybridization will obviously restrain the mag-
netic phase. At last, we discuss the influence of doping
on the magnetic phase diagram for the TLG. We show
that the impurity magnetic phase of r-TLG strongly de-
pends on the direction of the electric field, because of the
electric-field-induced in-gap state.
We would like to compare the situations of the
monolayer14,15,17 and bilayer graphene38,53–55 with the
case of TLG we studied here. The DOS of the un-
doped monolayer graphene is zero at the Fermi level ,
so that the effective hybridization is nearly zero and the
adatom prefers to be magnetic. Meanwhile, in mono-
layer graphene, the effect of electric field is merely to
change the chemical potential (doping). As for the bi-
layer graphene, it is in some sense similar as r-TLG, be-
cause that a bias voltage (or an electric field) can open
a gap. We think that the electric-field-induced in-gap
state will also appear in the bilayer case. But, for the
undoped bilayer graphene, the DOS at the Fermi level is
a constant, not divergent as r-TLG. Thus, it should be
easier to get a magnetic adatom in bilayer than in r-TLG.
And there should be no Fano shaped impurity spectral
in bilayer graphene. Meanwhile, only in the b-TLG, the
electric field can enhance the hybridization and suppress
the local magnetic moment. We argue that the influ-
ence of the electric field on the adatom in TLG is more
significant than that in the bilayer graphene.
Finally, let us discuss the related experiments. The
most suitable experimental system to test our theoreti-
cal results is the hydrogen atom absorbed on TLG, which
can be exactly described by the single level Anderson
impurity model. In experiment, the hydrogen atom fa-
vors the top site of graphene, and the magnetic moment
of hydrogen atom on graphene has been confirmed re-
cently via STM measurement18. We assume that, on
the TLG, the hydrogen atom should also favor the top
site, not the hollow and bridge sites. The magnetism of
hydrogen adatom can be readily detected by the STM.
Furthermore, the DOS peak of the undoped of r-TLG
near the Fermi level has been observed recently also by
the STM46. The bias voltage induced gap has also been
confirmed by various experimental techniques, including
STM35, transport36 and optical measurements34. So, in
principle, there is no fundamental difficulties to test our
results in experiment. We believe that our work gives
a comprehensive understanding about the magnetic mo-
ment of the top-site adatom on TLG, and hope that it
can stimulate further theoretical and experimental inter-
est in this intriguing issue.
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